Background: Engineered blood has the greatest potential to combat a predicted future shortfall in the blood supply for transfusion treatment. The production of red blood cells from hematopoietic stem cells in the laboratory is possible but the mass production of red blood cells to the level present in a blood transfusion unit is currently not possible. The proliferation capacity of the immature red blood cell will need to be increased to enable mass production. This work focused on the hypothesis that exogenous c-Myc can delay the differentiation process of highly proliferative immature erythroblasts, and increase the proliferation capacity of erythroblast cell cultures. Objectives: The objective of this research effort was to improve in vitro erythropoiesis from stem cells without gene transfection with the eventual goal of producing blood for transfusion treatment in a manner that could be easily translated into clinical medicine. Methods: The hematopoietic stem cell containing mononuclear cell fraction of venous blood samples was cultured in a liquid media containing erythroblasts growth factors with and without exogenous c-Myc combined with a cell -penetrating peptide. The cells were maintained in the liquid culture media for 23 days. Viable cells were counted and analyzed with flow cytometry. Results: Our results show a 4 fold increase in expansion of the erythroblasts grown in the c-Myc containing growth media compared to the control. Eighty percent of these cells retained the CD117 surface receptor, indicating immature cells. Conclusion: Exogenous c-Myc blocks the differentiation and improves in vitro expansion of human erythroblasts.
Introduction
Although the numbers of units of blood collected in the USA in 2009 exceeded the number of units transfused by 13% (1) , blood transfusion demand is projected to exceed collections by 2020 (2) . Even though significant previous research has long predicted a future shortfall in the US blood supply, an ideal solution has not been found after decades of intense effort (3) (4) (5) (6) (7) . There are currently seasonal shortages (July-August) of all blood types and there is a continuous shortage of type O negative blood that can serve as an universal donor without risk of blood mismatch, however only 6.6% of the population are type O- (8) . Ex vivo engineered blood has the greatest potential to combat the future shortage and assist with seasonal fluctuations in supply. The production of red blood cells from hematopoietic stem cells in the laboratory has been well established in the literature. A critical barrier to the realization of engineered blood is the production scale that would be required to create the 2.5 trillion red blood cells that make up a unit of blood. 2.5 trillion is a massive number of cells, roughly equal to the number of fish in the ocean.
The development of the erythroid cell line from hematopoietic stem cells is a complicated and tightly regulated process. Development begins with erythroid lineage commitment of a hematopoietic stem cell and the subsequent development of highly proliferative erythroid progenitor cells and ending with terminal differentiation of the mature enucleated red blood cell. The hematopoietic stem cell will lose the ability for self-renewal as it matures into erythroid progenitor cells. The first erythroid line committed progenitor cells are the most proliferative and referred to as the erythroid burst-forming unit (BFU-E) (9) . The proliferative capacity of the cells decrease as they mature into subsequent erythroid colony forming units (CFU-E). Each cell division leads to serial morphological changes, committing the cell to an increasingly mature state as well as limiting the capacity for further divisions. The cells will typically undergo only 3-4 cell divisions as they mature into morphologically distinct erythroblasts identified as proerythroblasts, basophilic, polychromatophilic, and terminating with the enucleation of the Orthochromic Normoblast which forms the adult red blood cell (10) . The maturity of erythroblast cell lines can be identified based on the expression of cell surface proteins. CD117 c-kit expression gradually decreases as cells differentiate from the hematopoietic stem cell to maturing erythroblast stages. The CD71 transferrin receptor is responsible for iron uptake into the erythroblast. CD71 is highly expressed in the early erythroblasts but is down-regulated as the cells pass the basophilic erythroblast stage (11) .
Erythropoiesis is regulated by several growth factors, including erythropoietin(EPO), and stem cell factor (SCF). Erythroblasts are initially, highly dependent on erythropoietin for the activation of specific erythroid genes to enable rapid proliferation as well as inhibit apoptosis (12) . In the terminal stages of development, the erythroblast cells are less dependent on erythropoietin and become more dependent on α4β1 integrin stimulation (13) . The proto-oncogene c-Myc is an erythropoietin early response gene and is rapidly up regulated in response to erythropoietin stimulation. The cellular concentration of the gene product, c-Myc transcription factor protein in normal developing murine erythroblasts increased by fivefold after exposure to erythropoietin (14, 15) . It is known that c-Myc plays an important role in the control of proliferation and survival of many types of cells (16, 17) . Erythroid progenitor cells require c-Myc for cell cycle progression activity. The protein transcription factor c-Myc can induce cellular proliferation and self-renewal by activating chromatin (18) . Supraphysiologic concentrations of c-Myc likely stimulate erythroblast proliferation by up-regulating the G1-S cell cycle checkpoint (15) .
The c-Myc transcription factor is known to regulate cell proliferation, differentiation, and apoptosis (19, 20) and c-Myc is vital for many aspects of hematopoietic development and function (21) . Studies of c-Myc deletion in mice suggest that both primitive and definitive hematopoiesis is impaired in the absence of Myc (22) .
Supraphysiologic expression of c-Myc has been shown to block p27 induced erythroid differentiation of human leukemia K562 (23) . We, therefore, theorize that the addition of supraphysiologic doses of exogenous c-Myc to the growth medium could temporarily block human erythroblast differentiation in culture. A block in cellular differentiation at an early and highly proliferative stage of development could potentially increase the proliferation capacity of erythroblasts in culture. Temporarily delaying differentiation of early more immature and highly proliferative pronormo erythroblast may increase culture expansion capacity. Toward this end, we investigated the effects of supraphysiologic doses of exogenous c-Myc protein on the differentiation process of human erythroblast in culture.
Materials and Methods
Non-mobilized adult peripheral blood samples were obtained from healthy volunteers who gave informed consent in a protocol approved by the Santa Barbara Cottage Hospital Institutional Review Board. Mononuclear Cells (MNCs) were isolated from 10 mL samples of whole blood by centrifugation through density purification using Percoll (Sigma Aldridge, St Louis, MO) with density ρ 1.077. The whole blood samples were centrifuged at 400g at room temperature for 30 minutes. The serum was removed from the specimen and the mononuclear cells were washed in sterile 1 x phosphate-buffered saline (PBS) at 300 g at room temperature for 15 minutes. After two washes, the cells were suspended in the liquid culture media.
Cell cultures and treatment
Purified mononuclear cells from the same adult volunteer were resuspended in liquid culture media at 10^6 cells/mL in 6 well plates, suspended in the serum-free media Stemspan SFEM TM (Stem Cell Technologies, Vancouver CA) supplemented with 3 ng/mL recombinant human interleukin-3 (IL-3) and 100 ng/mL recombinant human Stem Cell Factor (SCF), 40 ng/mL Insulin like Growth Factor1 (IGF-1), 6 U/mL erythropoietin (EPO). The media also contained 1uM Dexamethasone (DXM) and 1uM Estradiol (E2). In the c-Myc protocol, recombinant human c-Myc-11R protein was added to media for a final concentration of 400 nM. Partial growth media changes were preformed daily for up to 23 days.
Recombinant human IL-3, SCF, IGF1 and EPO were all from PeproTech (Rocky Hill, NJ 
Results
Each culture protocol started with the mononuclear fraction of a 10 mL sample of peripheral blood. Circulating adult hematopoietic stem (CD34+) cells are found within the mononuclear cell fraction. Hematopoietic stem cells occur in non mobilized peripheral blood at frequencies of 0.001−0.007×10^6 cell/mL of blood (24) . Since we started each experimental protocol with a 10 mL of blood, there were 0.01−0.07×10^6 hematopoietic stem cells present at the start of the culture process. Each 10 mL sample of blood produced approximately 1.3e7 mononuclear cells, obtained through density gradient centrifugation. The adult hematopoietic stems (CD34+) within the mononuclear fraction were stimulated to expand and differentiate by the growth factors in the medium. The cell cultures were counted every 3 to 5 days with a Countess® Automated Cell Counter.
Each arm of the experiment reached a nadir at about day 10, as the non-stem cells died off in culture and the HSCs present were stimulated to expand and differentiate and ultimately overtake the culture (Fig. 1) .
Given each experimental arm started with approximately 40,000 HSCs, the c-Myc experimental arm produced a 4 fold more erythroblasts than the control arm.
The protocols were evaluated by Flow Cytometry to determine immunophenotyping identification of the maturing erythroid cultured cells. The cells were immunophenotypically analyzed for the presence of CD71 and CD117. CD71 is the transferrin receptor molecule and is present on all cells that have committed to the erythroid cell lineage. CD117 is the c-kit/Stem Cell Factor receptor and is present on immature progenitor cells and is lost as cells differentiate (Fig. 2) .
In this experiment, we also observed a block in erythroblast differentiation, which is consistent with the conclusions from a previous studies (21) (22) (23) , where retroviral overexpression of c-Myc inhibited erythroblast differentiation in murine fetal liver cells and transfected human pluripotent stem cells in vitro and gave rise to continuously growing erythroblast cell lines.
Discussion
In this experiment we studied the effects of exogenous recombinant c-Myc added to our erythroblast growth medium. We used a c-Myc transcription factor that was attached to a cell penetrating peptide(CPP). CPPs are short peptides that facilitate cellular uptake of proteins into the cell and nucleus. We used a supraphysiologic dose of c-Myc of 400 nM in the treated experiment.
In the c-Myc treated experiment, we observed that 80% of erythroblasts retained the CD117 c-kit expression until the 23 rd day of culture. By day 10 in the control group, only 60% retained the CD117 c-kit expression. The retained expression of CD117 c-kit is likely due to a differentiation block by exogenous c-myc.
In the control experiment growth protocol, we observed a 225 fold increase in cells over 23 days which is consistent with other research groups using CD34+ cells isolated from mobilized peripheral blood (25, 26) . In our c-Myc treated protocol we observed an 860 fold increase in cells, approximately 4 times more than our control protocol.
The results of this experiment support the conclusion that supraphysiologic doses of exogenous c-Myc perturb the maturation process of normal adult human erythroblast culture at an immature and highly proliferative state that increases the expansion capacity of the erythroblast culture. It is likely that target genes of c-Myc interfere with the differentiation process of the erythroblast.
The present experiment suggests that exogenous c-Myc can interfere in the differentiation process of lineage committed (lin+) erythroid progenitor cells in an erythroblast expansion culture. It has previously been shown that c-Myc is indispensable in both primitive and adult murine hematopoiesis (22, 27) . The deletion of c-Myc can result in ＞30 reduction in differentiating and mature lineage-positive (lin + ) hematopoietic progenitor cells (22) . The c-Myc deletion also resulted in 3 fold increase in the lineage negative (lin-) progenitors as well as a ＞20 fold increase in the subpopulation of c-Kit+, lin-, Sca-1+ hematopoietic stem cells. It is likely that c-Myc activity is required for the differentiation process of (lin-) hematopoietic stem cells into lineage positive progenitors. Whereas our study demonstrates that supraphysiologic c-Myc blocks differentiation of c-Kit+, lin+ erythroblasts into the more mature c-Kit-, lin+ erythroblast.
The mass production of red blood cells in order to reach clinically relevant quantities, near the trillion cell level present in a transfusion, will require significant advancement in erythroblast proliferation capacity in culture. We theorize here that this barrier to mass production of erythroid cells may be overcome by maintaining erythroid progenitor cells in an immature and highly proliferative state. Temporary biochemical manipulation with exogenous c-myc may represent one avenue for reaching the trillion-cell level.
